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© Carbon and ceramic-containing layers lor use in sintering of silicon nitride article. 

© Sintenng of an article (34) moWed from a first particulate material comprising s^on ^^l^ s 
a^d c^rarn^ontaining layers. At least one outer layer (36,38) coding JJ^^Jai 
positioned .im respect to the article so as to be closely adjacent to 

one inner layer (40) comprising a third particulate material « ,mermed,ate £ «» ^^5col5toes 
article (34) so as to at least papally surround the article (34). The ^^^J^,^ ^ 
at leas} about 90 ^ percent carbon, and ^ »^ respect 
selected Irom a nitride, a carbide, and mixtures thereof. The article « nea 
to the outer (36.38) and inner layers (40) as described above so as to result m a entered article (34). 
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Background of the Invention 

According .0 one asped o. me invention, mis invention .elates .0 sintering of a silicon «*^e 
emptying af.east one carbon-containing layer closely adjacent to me arti ^ a, ^ ^ - am - 

- s containing layer intermediate .0 me article and carbon-containing layer. Accordmg to another aspect, the 

invention relates to .he combination ol such layers and the silicon nitr.de article 

Heretofore difficulties are many times encountered in the smtenng ol s.bcon nrtnde arhcles at lower 

- pressured L exampte. .ess than^O psig. and papula,., a, pressures near »^™£* S ™^ 
prLry difficulty is m obtaining an acceptably high density of a, teas, and ~ *^SSS 

,o ol the theoretical density ol silicon nitride. H is particular* advantageous to s.nter al the .bed 
pressurTramer man aT higher pressures to avoid use ol comp.ex and expensive equipment assorted 
with operation at high pressures. 

Summary ol the Invention 

,S » is therefore an object of me invention to provide a method for sintering silicon nitride ^icteswhich 
w„, LccSS Smer such artic.es to a density of a. teas, about 90 ^ ^T^J^S * 
^ employing a pressure o, less than 200 psig. and more preferably a pressure near ^P^^'*" 
m ^eZZ objec, i, reatized by a method comprising: (a) providing an '^J^J^jJ^ 

W *, particulate material comprising silicon nitride; (b) providing at least one outer « < l^lTaTS* 

to but not contacting me article and which comprises a second partculate "^TiTarS 
abou, 90 weight percen, carbon; (c) providing a. least one inner layer wh,ch a, <^ 
so as to be intermediate to the articte and the outer layer(s) and which composes a th,rd 
comprising a ceramic compound selected from the group consisting o, a nrtnde. a carb.de ^**»™ 
2S thereol; and (d) heating the article as positioned with respect to me outer and ,nner layers) .n steps fb> and 

(c) so as to sinter the article. m * . 4Ua ^ ir -i~ i™* 

According to anomer aspect ol me invention, there is provided a combmation of the art,cle. at least one 

outer layer, and at leas! one inner layer as described above. . . above _ 

Sintering an article comprising silicon nitride in accordance with the .nvenhon ^ empfoV'^ 
ao described inner and outer layers enables sintering o, me article to dems.hes " * 
theoretical density ol silicon nitride with pressures less man 200 psrg. and ^! P'* 6 '^^'^^ 
the range of about 0 psig to about 15 psig. As discussed prevousty. s.rrter,ng at such low pressures 
enables the use of simple and inexpensive equipment. 

35 Brief Description ol the Drawing 

FIG. 1 is a diagrammatic cross-sectional view ol a furnace having a crucible therein which contains an 
article packed in inner and outer layers in accordance with the invenbon. 

^0 40 Detailed Description ol the Invention 

An embodiment o, me invention will now be described with reference to the FIGURE^ 
Wrm respect to terminology, me term -particulate" as used herein and ,n the ^°« e «^™*™ 
applied to a materia, means mat the materia, is in the form o, parties where* the term ™ 
defined simply as discrete units of material structure. The terms "partrculate- and parties do not ,n 
themselves impty any particular shape or si2e. _ ,„ mf .tj>i shell 

The furnace as diagram matically illustrated in F.G. 1 includes a housrng 10 havng an outer met* I she« 
12 and an inner refractory, preferably graphite, lining 14 which defines a heatong chamber 16 therem. an 
fZjZZJTZ cl^tTng with'heating chamber 16; an out.et condui, 20 

healing chamber 16; and an electrically conductive, preferab.y graphrte. tubular ^^"j^^, 
within healing chamber 16 for generating heat within heating chamber 16 

supplied to such electrode by a suitable power supply and control (not shown) Of course, any ^ other des^n 
of lurnace is within me scope of the invention providing that it operates to hea, an arhc.e contamed tnerem 
so as to sinter the article as is lurther described below. „„„ h ;io ™.i-.tale 

Positioned wHhin electrode 22 and in heating chamber 16 is a '*»'actoryj>re,erably Qrap^cruoWe 
26 which in me illustrated embodiment includes supporting legs 28 (only two ol " e J.^^ 
body portion 30 for containing the various layers and articte therein in accordance™,* the 
loose-Ming lid 32 which sets on top of the main body portion 30. Ol course, any des, 9 n o. cruable .s w.th.n 
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the scope of me invention as long as it will tolerate the sintering temperatures and effectively contain the 
various layers and article in accordance with the invention. 

Contained within main body portion 30 of crucible 26 are an article 34 molded from a hrst Peculate 
material, outer layers 36 and 38 which comprise a second particulate material and wh.ch * e c ' oi * * 
adjacent to but not contacting article 34. and a single inner layer 40 which comprises a pal ate 
material and which in the illustrated embodiment completely surrounds article 34 so as to be '^™*'am 
,o article 34 and outer layers 36 and 3a As shown, inner layer 40 has an inner boundary whrch contacts the 
exterior surface ol article 34 as indicated a. 42. and further has outer boundaries which con 'f 
inner boundaries of layers 36 and 38 as indicated at 44 and 46. 01 the total volume of 38 and 40 

inner .ayer 40 preferably comprises abou, ,0 to about 90 vOume percent and 

outer layers 36 and 38 also preferably comprises about 1 0 lo about 90 volume percent. In add-on. the rat* 
of me volume o. inner layer 40 to me volume ol article 34 as we,, as the ratio of the comb.ned vohrme ol 
outer layers 36 and 38 to the volume of article 34 is preferably abou, 1:1 to about 100:1. most preferably 

^n Mr* SSblfi with the papula* materials o. layers 36. 38. and 40. i, is general., ****** 
to tightly pack such particulate materials within crucible 26. Instead, any pactong of such particulate 
materials should be limited to gentle tapping of crucible 26 after it has been Tilled. 

Article 34 is molded from the firs, particulate material which comprises silicon nrtr.de. The tfrvenhon >s 
particularly applicable ,o a lirst particulate material which is described as a "raw P^uclpowder « 
application Serial Nos. 416.190 filed October 2. 1989 and 504.154 fled April 3. I^botho wh.ch are 
allowed and herein incorporated by reference. Such raw product powder is produced 
reactor as described in such applications and comprises silicon in addition to ma, ,n the s.ticon nrtrrde 
carbon, and oxygen, and is further characterized by the following weight percentages s.l.con ,n tennrt 
of about 40 to about 75 weigh, percent, preferably in the amount ol about 50 to about 70 we-gtrt percent 
and most preferably in the amount of about 55 to about 65 weight percent: nitrogen ,n the amount ol abou 
,0 ,o abou. 40 weigh, percen.. preferably in the amount o, abou, 15 to abou, 35 wenjht t~^"*™* 
preferably in me amount ol abou, 25 to abou, 35 weight percent; carbon in the amount of abou, 1 to abou, 
10 weight percent preferably in me amount of about 1 to about 6 weight percen,. and °' e ' e,ab ^ 
the amount of about 1 to abou, 3 weigh, percen,; and oxygen in the amount of about 1 to about 30 weigh 
percen,. preferably in .he amount o, abou, 1 to about 20 weight percent, and most preferably •^» he . am ° u " 
of about 1 to about 15 weigh, percent. Hydrogen can also be presen, in me raw P^urt powder rn m,no 
but detectable amounts of between 0 and about 1 weigh, percent. Individual particles ol the raw produc, 
powder are highly uniform and have diameters which range from about 0.01 to about 0.5 rmcron. 

As mentioned above, article 34 is molded from the firs, particulate material. A preferred P««^ e '°' 
molding ol article 34 before placement in crucible 26 is as follows. In preparation tor, rnoldmg. ite»rs, 
particulate material can be mixed with various additives such as sintering ards. b.nders^depersants 
dispersion media, etc. as is well Known to those skilled in me art. A particularly preferred on 
comprises a first particulate material comprising silicon nitride such as me above^descnbed <™J»^ 
powder in the amount of about 50-75 weight percent, a binder such as poly(2^hy»-2-oxa20l.ner .n ^ t he 
amount of about 10-25 weight percen,. a dispersant such as polyethylene glycol in the arrant * about 1-5 
weigh, percen,. a dispersion medium such as isopropyl alcohol in ,he amount of about 10-25 1 we-ghl 
percent, and a sintering aid such as a combination ol ytt.ia and alumina in the amount of a ^ 1 _^°J* e | '9 h ' 
percent Such components are thoroughly mixed by milling, and the resulting mixture «s then molded by 

preferably first platen pressing and then isostatic pressing. 

Each of outer layers 36 and 38 comprise, and preferably consist essentially ol. me second P^ale 
material which comprises at least abou, 90 weight percen, carbon. Such second f^k:ulam ma^l ,s most 
preferably carbon black which preferably comprises at least abou, 95 weight percent carbon and less than 
about 0.5 weight percent ash. and most preferably at leas, about 98 weigh, percent carbon and >«> *an 
about 0.2 weight percent ash. Such carbon black is also preferably characterized by a BET surf ace area ol 
, a, leas, about 1 m*/g. most preferably about 5 m'/g. As used herein and in the appended c a.ms. the temi 
-carbon black" is defined as me solid particulate product resulting from the decompos.t^n of hydrocarbons 

' n, Tnn^y , eT40' comprises, and preferably consists essentially of. the third particulate material which 
comprises a ceramic compound selected from the group consisting o, a nitride, a carb.de. and m-xhires 
5 thereof. As used herein and in me appended claims, "carbides- and -nhrides- are defined as 

compounds of carbon (in carbides) or nitrogen (in nitrides) and another element. Such other element can be 
a trarisition metal selected from Groups IIIA. WA. VA. VIA. V.IA. VlllA. or IB ol the Penodrc Table o the 
Elements (IUPAC version), or such other element can be selected from boron, silicon, or alum.num. Su.lable 
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ceramic compounds include, but are noi limited to. silicon nitride, aluminum nitride, bcon n.tnde. s*con 
ca,b!o£ LcTl carbide, titanium carb.de. and tungsten carbide. The preferred ceram* compound *a 
nitride, most preferably silicon nitride. The third particulate material as comprising silicon ™ x ^ ^'™> 
comprises .ess than about 5 weigh, percent oxygen and less than about 5 we,ght percent carbon. ^mosl 
preferably less than about 3 weight percent oxygen and .ess than about .weight percent 
preferably further characterized by a BET surlace area d a, least about I m>/g and most ^ 
about 5 rrf/g. It is also preferred thai the third particulate material as coming sfccon mtnde contans less 
,han about t. 000 ppm of elemental impurities such as chlorine, iron, caloum. and a.um,n U m. and most 
preferably less than about 500 ppm of such etementalimpurities. nMlhw , nlw . 

.n preparation lor sintering of articte 34. heating chamber 16 is purged io« any °»Y^»«T ' b ' 3 
number cTevacuatton/purge cycles therein heating chamber 16 is evacuated I through ^ 
lollowed by a How ol a generally nono,iduing gas into the heating chamber ,6 through^ ^oJfe'ra^ 
nonoxidizing gas which provides a genera»y nonoxidizing atmosphere ,n heating , *ambe. 16* preferably 
selected from the group consisting of nitrogen, argon, and mixtures thereof. Such gas most preferably 

consists essentially of nitrogen. -.^...^t „,.k ihp 

At the end of the above-described evacuation/purge cycles, heating chamber 16 .s pressured w.tn the 
nonoxidizing gas to a predetermined desired pressure, preferably less man about 200 ps* ™ e f» e '* ^ 
fess than about 50 psiO. and most preferably about 0 psig to about 15 f^*^™"^^ 
nonoxidizing gas is now commenced through heating chamber 16 from mlet conduit 
while substantially maintaining the above-mentioned predetermined pressure .n ^^ < *^ f ^f"™* 
condition ol continuous flow through the heating chamber while maintaining the P*^*™^ I pressure can 
be accomplished by. lor example, use ol a volumetric flow meter and assocated a4»siaUe ^ valve (no 
shown) in conjunction with inlet conduit 18 and also outlet conduit 20. The votumetr* now « te *^f e 
conduit 18 can be regulated to be substantially equivalent to the volumetric Row rate "^""^f^S 
20 so as to maintain a substantially constant pressure in heating chamber 16. Such flow pi 
mainlining me predetermined pressure in heating chamber 16 is continued throughou^ ^^^f 
described heating procedure. The flow rate ol gas through heating chamber 16 ,s not particularly cr.hcal. 
but is typically in the range of about 0.1 to about 10 SCFH. hMSnn 

After the desired flow rate and pressure conditions are established as descnbed above, the heating 
procedure is commenced. Heating chamber 16 and crucible 26 therein are gradually healed to 
temperature ol preferably about 1500-C to about 1900'C over a period of about ' » ^^^T^ 
reaching such maximum temperature, the furnace can be turned off immediately to » 
such maximum temperature can first be held lor a period ol preferably not more than about 15 minutes , and 
most preferably not more than about 5 minutes- In any event, it is preferred that the temperature .s .n the 
range of about 1500-C to about 1900-C tor a time ol about 15 minutes to about 2 hours. 

After heating chamber 16 and crucible 26 have cooled to about room temperature^ the 
through heating chamber 16 is terminated, the heating chamber 16 is depressunzed to > *™**™ K 
pressure (if operated above atmospheric pressure), and crucible 26 is removed from heating chamber ^ 

Sintering ol an article comprising silicon nitride in accordance with the invention « P^^»^ 
at producing a highly dense (i.e. at least about 90 percent theoretical densrty) smlered artcle by employng 
relatively low pressures during sintering ol less than 200 psig and as low as atmosphere rxrcsure^ 

It is to be understood that the above description pertains to a preferred embod.ment of the -"verrtion 
but thai marry variations and notifications are within the scope of certain aspects of I* .™ 
example, a single, continuous outer layer ol second particulate material completely surround.ng *e article 
cou.d^e employed instead ol the two separate outer layers employed in the ^"^f"*"^ 
According to other broad aspects of the invention, the above-described raw P'^urt pc^.j|h,ch J 
disclosed as particularly uselul as the first particulate material, coold also be used as the th.rd particulate 



material. 



Examples 

Examples will now be described to further illustrate the invention, but which should not be construed to 
limit the invention in any manner. . r . k n , 

Each ol the following examples employed a particulate material as produced by a ^' r '« 1 ^ 0 ' 
me reactor shown in FIGS. 5-7 o. U.S. application Serial No. 504.1S4. supra^ ^ h 
called -raw product powder' in U.S. Serial No. 504.154. and will hereafter be referred to as raw produc 
powder". As will be discussed further below in each individual example, samples of such raw product 
powder comprising silicon nitride were employed to mold articles (specifically, d.scs) therefrom. wh,ch were 



4 



EP 0 583 620 A1 



then sintered to a final sintered article. ^ . rt 

The reactor used to produce the raw product powder included a chamber hav.no. 
downstream ends, a single combustion nozzle having an out.et at .he upstream end ol the chamber an id on 
the longitudinal axis of the chamber (unlike the reactor ol the above-mentioned FIGS. 5-7 " h ^ h ^ J™* 5 
s combustion nozzles oriented around the axis), and a reactant nozzle radially extend.ng mto the chamber 
and having an outlet on the longitudinal axis of the chamber. The combustion nozzle injects i , mndure ^o 
luel and oxidant into the chamber, and the reactant nozzle injects reac.ants into the chamber. The chamber 
is considered to have two -zones': a -combustion zone" which extends horn the upstream end ol the 
chamber to a boundary between the zones at the reactan. nozzle ou.let. and a "react** zone wh-ch 
, 0 extends bom me boundary to .he downstream end ol the chamber. A quartz concur, was proved tov.ng 
one end in communication with the downstream end ol the reactor and .he other end ,n commumcaH™ w th 
two heal exchangers. Each heat exchanger included concentric quartz tubes f^™*™ U ^.™* ot 
between through which coolant Buid was circulated to cool raw product powder flowmg through the mtenor 
of the inner tube. A Dacron* polyester bag litter at the outlet ol each heat exchanger collected the thus 
is cooled raw product powder. ~t 
important reactor dimensions were as follows: diameter ol chamber - 5.08 cm; overall length o 
chamber - 50.8 cm; length ol combustion zone - 22.9 cm; length ol reaction zone - 27.9 cm; I D. ot 
combustion nozzle - 0.343 cm; and 1.0. ol reactant nozzle - 0.356 cm. mivfc „„ n i 

The raw product powder was produced as tollows using the above-descnbed reactoiLThe m.xlure 
luel and oxidant as injected through the combustion nozzle included ethylene at a flow ^rate ol 0303 
gmol/min. acetylene at a llow rate ol 0.223 gmol/min. and oxygen at a flow rate of 1.12 gmol/rmn. Beactarrts 
as injected through the reactant nozzle included silane at a flow rate ol 0.06 gmol/m,n and ammoma at a 
flow rate ol 0.16 gmol/min. The notation -gmol/min- means gram moles/minute. Actual measurements of 
llow rate were taken volumetric^ at room temperature and atmospheric pressure m l.ters/m.nute These 
volumetric measurements were converted to gmol/min by assuming there are 2*45 w f '^ u, ^ r ^ 
gas at 2S-C (room temperature) and atmospheric pressure. The reactor was operated w.mthese ~^.hons 
for a total of 210 minutes to yield 433 grams ol raw product powder as obtained from the bag filers and 
trom the interior walls ol the heat exchangers. 

Anarysis of the raw product powder revealed 57.7 wl.% silicon. 11.8 wt.% oxygen. 5.22 wt.% carbon 
0.14 wt.% hydrogen, and 27.92 wt.% nitrogen. The carbon, nitrogen, and hydrogen we.gh. P« ce "' a 9^ 
were obtained by CHNS combustion analysis, the silicon weight percentage by X-ray fluorescence analyse 
and the oxygen weight percentage by neutron activation analysis. Such weight percentage results have not 
been normalized to 100%. Variance from 100% is attributable to normal analysis inaccuracies. The 
substantial weight percentages of silicon and nitrogen in the raw product powder are taken to mdicate the 
35 presence ot silicon nitride. Considering other possible bonding of nitrogen to other ele^^. n.trogen .n 
combination with such other elements in the powder will generally not form solid compounds Jherefo re. rt 
is reasonable to assume that the nitrogen present in the solid product is bound to at least a pomon ol the 

Each ol (he following examples also employed discs in their respective sintering operations which were 
fabricated as follows. A binder concentrate was first prepared b, mixing 20 grams ^ 2 ^£ 2 J™1^™>. 
(XUS40303.00 ceramic binder. Dow Cl.em.cal U.SA ol Midland. Michigan). 7 grams polyethylene glycol) 
(avg. M.W. 400. AJdrich Chemical Company. Inc. of Milwaukee. Wisconsin), and 31.2 S^jsopropy 
alcohol (electronic grade. Rsher Scientific ot Pittsburgh. Pennsylvania) with a D«Per«tor ^(~^» 
Corp. of Temple. Pennsylvania). 1.25 grams ol the binder concentrate was then added to 900 ^ acetwe 
along with 5.55 grams yttria (99599% purity. Bare Earth Products. Johnson Mattheyo. Seabroo* JNev, 
Hampshire) and 6.14 grams alumina (Bakalox CR30. Bdaikowski International of Charlotte. North ^Caro lina)- 
The resulting mixture was milled for 15 minutes with burundum cylinders in a polyethylene ,ar. 100 grams 
of the silicon nrrride-containing raw product powder was then added to the mixture and m,l..ng , was 
continued for 64 hours, followed with drying by removal ol excess acetone w,th a Bo ova P° r <^ 
Laboratiums Technik AG of Switzerland). Individual samples comprising about 7 grams ol the thus milled 
and dried mixture were platen pressed at 2500 psig into a number of discs having respectrve d,ameters ol 
about 1.75 inch and thicknesses slightly in excess of 0.1 inch. 

Example I (Invention) 

The purpose ol this example is to demonstrate sintering in accordance with the invention. 
EquipmenTused in this example included a gn.ph.te crucible and a commercially available r furnace 
modified to permit continuous gas flow therethrough. The crucible had walls 1/4 inch thick wh.ch delmed a 
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3 in X 2 1/2 in. X 3/4 in. chamber therein, and a loose fining lid that sets upon the top ol the J** 
lurnace was a Mode. 1000 furnace from Thermal Technology inc. oi Santa Rosa. CM*** . ha«ng , a 
graphite electrode and graphite fined heating chamber and modified to inc.ude flow meters ^ "l"""* 
valves to regulate a continuous gas flow through ihe heating chamber while ma.ntam.ng a constant pressure 

Teach 01 the runs o. mis example, a single disc was positioned within the cn^.bte tetw^yerso. 
commercial silicon nitride powder (SN-E10 powder. Ube Industries. Ltd. ol Tokyo. ^> «J ^blaek 
(Arosperse 15. J. M. Huber Corp. ol Borger. Texas) in accordance with the mvenhon and 
further below. The silicon nitride powder is characterized by the following charactenshcs. as ?<^**J* 
manufacturer, which make it especially suitable tor the invention: a ™^'*° n ™ m **"°^°. t 
nitrogen. <2.0 wt.% oxygen. < 02 wl.% carbon. < 100 ppm chlorine. < 100 ppm » ^'J* 1 ^ 

and <50 ppm aluminum; a parl.de size ol about 0.2 micron: a BET surface area of about • 
100% canity with > 95% alpha phase and < 5% beta phase. The carbon b^V .s charactered by he 
tallowing! as also provided by the manufacture,, which also makes it particularly surtabte lor .he mventuj. 
99.35 wl% carbon; 0.09 wl.% ash; 0.45 wt.% hydrogen; 0.26 wt.% sulphur. 0.16 wt.% volatles. a parl.cte 
size ol 320 nm; and a BET surface area ol 8.2 rrrVg. at the 

,n pack«>g the crucible in each run. a 0.25 inch thick layer o. carbon black was first placed at the 
bottom ol the crucible, followed by addition of silicon rtfride powder until the crucble was about SOJ. fuM 
The disc was pressed into this silicon nitride powder and .hen covered wrth more sAcon. .trrde powder. 
The cartoon black and silicon nitride powder were settled by gentle topping ol the ^ 
completely covered wrth more silicon nitride powder and then a final layer of carbon ^^'^J**™ 
was set in place. It should be noted that after each run. Iresh carbon black and s.l.con nrtr.de powder were 

used to repack the crucible. ^ h 

\ to sinter a disc in each run. the crucible as packed with carbon black, ahcon nrtr.de powder and the 
disc was placed in the heating chamber of the above-described furnace, and the 

The heating chamber was evacuated and filled with nitrogen, and again evacuated and W " "^ 
' a predetermined pressure. A continuous .tow ol nitrogen was then commenced through the ^heatmg 
chamber a. a measured flow rate of about 1.0 SCFH (flow mete, calibrated to, a,,) so ma. the >P«W" 
mined pressure, indicated in Table I. was maintained while such nitrogen .lowed f"^" e *™*'™ 
throughou. me sintering procedure which follows: heat .o about 200- C at a rate rt about » a— ^e 
a period of about 10 minutes: heat to abou. 1200-C at a rate of about 100-C/ minute over a^J 
about to minutes; heat to abou. 1882-C at a rate ol about 8'C/ minute over a penod ol about 86 mm** 
turn off furnace heater and cool to room temperature over a period of between 30 and 60 mmute^ Th* 
sintering procedure resulted in heating of the disc lor about 1 hour within me sintenng temperature ,ange o. 
1500 *G-19G0 * C 

Table I summarizes me pressures employed m Buns 1-4 as well as me density of me sintereti I disc. ^ll 
should be noted that in Run 4. me sintered disc was subjec.ed »o a subsequent heahng operabor , .n a MM 
fu,nace at abou, 1200-C and under a sweep of nitrogen for abou, 2 ^^J**^J™*£L 
operation was carried out to ensure tha, all ol .he binder was burned of. o, me d.sk so f * ™*™™ 
density. The density tor me sintered drsc from Run 4 as indicated in Table I was measured after the above- 
described heating operation at 1200' C. Densities were determined using ASTM C 373-72. wh.ch « a water 
buoyancy test. 

TABLE I 



Run 


Pressure (psig) 


Density (% TD ■) 


1 


to 


91 .5 


2 


< 2 


90.9 


3 


10 


91.1 


A 


10 


92.3 



is assumed to be 3.15 g/cc- 



The results of Table I illustrate that high density (greater than 90% TD) sintered artrcles compr*mg 
silicon nitride can be produced in accordance wrth the invention at very low pressures of 10 ps.g i or tess. 
Moreover, it can be seen from Table I that sintering at a very low pressure ol less than 2. ps.g does no. 
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substantia.., affect the density o. the resume sintered article, as compared to the densrt^s 

higher pressure of 10 psig. F.naHy. Run 4. employing the additional heabng step a. 120 IC, can ^be seen 

from Table I lo have little beneficial eHecl on the density ot the sintered arlicte. thus mak.no. such add.liona. 

heating unnecessary. 

s 

Example II (Comparative) 

The purpose ol this example is to demonstrate sintering in silicon nitride powder atone and in carbon 
black alone, in order to compare the resulting sintered densities to those obtained ,n Example I .n 
jo accordance with the invention. . _. lflvflf1 , n 

-me crucible emptoyed in this example was also graphite but of a different ^JJ^S^ 
Example .. This crucible included a square shaped outer section and a square shaped ™^™^ C * 
defineTa chamber therebetween. The wa.ts ol such sections were 1/8 inch m.ck. The chamber ***** 
the crucibte was adapted ,o receive lour graphite dividers so as to divide the ^^^"^^S 
,s shaped 2 9/16 in. X 1 1/2 in. X 13/16 in. subchambers. A loose fitting hd was provided to set on top of the 

CrU< Two o, me subchambers (hereafter denoted as subchambers 1 and 2) were ^ 
carbon black and the other two subchambers (hereafter denoted as subchambers 3 

filled with silicon -nitride powder. The same commercial carbon black and *«on«rtnd. powders «ed* 
*, Exampte I were used in this exampk, A disc was then pressed imo the powders ^.n ?^ "J^ Tz 
subchambers. fo«owed by filling of subchambers t and 2 with carbon ^J^J^Jf^S^, 
and 4 with silicon nitride powder. The crucible was gentry tapped to settle the powders and the hd set ,n 

Entering of each of the four discs in the crucibte was carried out employing the same *™**>£ 
*s substantiate same conditions ,a. .0 prig) as emp.oyed in E.amp.e I. DenMe. ofthy 

discs were determined as in Example I. and such density results are sel forth m Table II. where Runs &-B 
correspond to disks sintered in subchambers 1-4, respectively. 
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TABLE II 



Ron* 


Densrty (% TO ^ 


5 (carbon brack) 


62-2 


6 (carbon black) 


51.1 


7 (silicon nitride) 


72.9 


8 (silicon nitride) 


70.8 



45 



SO 



55 



- Huns d-o were carrnw uui wm.uhokwu^/ »~ 

as described above. Packing material rs indicated in 
parentheses. . 
b TD means theoretical density of pure crystalline silicon nrtnde 
which is assumed to be 3.15 g/cc. 

It can be seen from Table II that the densities obtained with only silicon nitride or only carter. i black ^ are 
significantly lower than densities obtained in accordance with the invention in Example ,l (see TaMe I) 
employing a silicon nitride layer surrounding and in contact with the disc and also carbon black layers not 
contact with the disc. 

Claims 

1. A sintered article obtainable by the steps ol: 

(a) providing an article molded from a first particulate material comprising silicon nilnde; 
b) providing at least one outer layer which is closely adjacent to but not contacting sa,d -W^and 
which comprises a second particulate material comprising at least about 90 we^htpercent «*bon 
(c) providing at least one inner layer which at least partially surrounds said ^ as to be 

irrtermediate to said article and said at least one outer layer, and which comprises a tlwdj ****** 
material comprising a ceramic compound selected from nitrides, carbides, and matures thereof, and 
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(d) heating said article as positioned with respect to said at least one outer and inner layers in sieps 
(b) and (c) so as to sinter said article. 

2 The article ot claim 1 wherein said first particulate material further comprises silicon in addition to thai 
in the silicon nitride, carbon, and oxygen, and is characterized by Ihe following weight perceniages: 
silicon in the amount ol 40 to 75 weight percent; nitrogen in the amount of 10 to 40 weigh! percent, 
carbon in the amount of 1 to 10 weight percent and oxygen in the amount at 1 to 30 weight percent. 

a The article of daim 1 or 2 wherein said second particulate material is carbon black. 

The article of claim 3 wherein said carbon black comprises at least about 95 weight perceni carbon and 
less than about 0.5 weight percent ash. and has a BET surface area ol al least about t nv/g. in 
particular wherein said carbon black comprises at least 98 weight percent carbon and less than about 
0.2 weight percent ash, and has a BET surface area of at least about 5 rrrVg. 

The article of any of the preceding claims wherein said third particulate material comprises a nitride, in 
particular wherein said nitride is silicon nitride. 

The article of daim 5 wherein said third particulate material comprises less than about 5 weight percent 
oxygen and less than about 5 weight percent carbon, and has a BET surface area of at least about 1 
m'/g in particular wherein said third particulate material comprises less than about 3 weight percent 
oxygen and less than about 1 weight percent carbon, and has a BET surface area of at least about 5 
m 7 /g. 

The article of any of ihe preceding claims wherein said at least one inner layer has at least one inner 
boundary in contact with said article and also has at least one outer boundary, and wherein said at least 
one outer layer has at least one inner boundary in contact with said at least one outer boundary of said 
at least one "inner layer. 

The article of claim 7 wherein ol the total volume ot said at least one inner and outer layers, said al 
least one inner layer comprises from 10 to 90 volume percent and said at least one outer layer 
comprises from 10 to 90 volume perceni. 

The article of claim B wherein the ratio of the volume ot said at least one inner layer to the volume of 
said article, and also the ratio of the volume of said at least one outer layer to the volume of said article 
is from 1:1 to 100:1. in particular wherein each ol said ratios is Irom 5:1 to 50:1. 
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10. 



11. 



The article of claim 9 wherein said at least one inner layer comprises a single inner layer which 
completely surrounds said article. 

The article of any of the preceding claims wherein step (d) is carried out at a pressure of less than 
about 1.38, more preferably less than about 0.35 and most preferably from ambient pressure to 0.10. 
each MPa gauge. 

45 12. The article of any of the preceding claims wherein step (d) is carried out in a generally nor>oxidizing 
atmosphere, in particular wherein said npnoxidizing atmosphere comprises a gas selected from 
nitrogen, argon, and mixtures thereol. 

ia The article ol claim 12 wherein step (d) is carried out in a furnace chamber having an inlet and an 
so outlet and wherein said gas continuously flows through said lurnace chamber from the inlet to the outlet 

during step (d) while substantially maintaining said pressure in said lurnace chamber. 

14. The article of any of the preceding claims wherein slep (d) is carried out at a temperature from 1500 to 
1 900 • C. preferably lor a time of about 1 5 minutes to about 2 hours. 

55 15. The article of any of the preceding claims further comprising the steps before step (a) of mixing said 
first particulate material with a sintering aid comprising a combination of yttria and alumina to thereby 
produce a mixture, and then molding said mixture to produce said article. 
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